Magnesium deoxidation equilibrium of molten Fe-Ni alloy was determined by a chemical equilibrium method at temperature of 1 873 to 1 973 K. Extreme care was taken for oxygen analysis of the samples. Numerical analysis on Mg deoxidation of molten Fe-Ni alloy has been carried out by utilizing the model based on Darken's quadratic formalism and Redlich-Kister type polynomial.
Introduction
Magnesium has been used as a deoxidizer due to its strong affinity with oxygen. Reliable thermodynamic information of Mg deoxidation equilibrium is important for inclusion control in clean steel and its alloy production.
Many researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] have reported Mg deoxidation equilibrium of molten iron. However, measurements on Ni and Fe-Ni alloy are limited. Ishii et al. 10) and Zhao et al. 11) have reported Mg deoxidation of Ni at temperature of 1 873-1 973 K and 1 773-1 873 K, respectively. Ohta and Suito 12) has measured Mg deoxidation equilibrium of Fe-20, 40, 60 mass%Ni alloys at 1 873 K. However, Mg deoxidation equilibrium of whole Fe-Ni alloy composition range has not been determined at various temperatures.
Recently, some of the present authors have developed a thermodynamic treatment to express deoxidation equilibrium on not only pure metals and but also alloys. This model is based on Darken's quadratic formalism 13, 14) and Redlich-Kister type polynomial, 15, 16) and the details are explained in the previous papers. [17] [18] [19] [20] [21] Magnesium deoxidation equilibrium of molten Fe-Ni alloy was determined by a chemical equilibrium method at temperature of 1 873 to 1 973 K in the present work. Also, numerical analysis on Mg deoxidation of molten Fe-Ni alloys have been carried out by application of the above-mentioned solution model.
Experimental Procedures
Measurement was performed with an induction furnace of 10 kV A described elsewhere. 22, 23) The apparatus consisted of a working quartz tube, gas purification trains and gas flow meters. The melt temperature was measured with an optical pyrometer calibrated with the m.p. of iron and nickel. Electrolytic metals of nickel and iron were utilized in the experiment.
Nickel and Iron weighing approximately 100 g were placed in a magnesia crucible, 20 mm in ID and 90 mm in depth, which was in turn put in an outer protective magnesia crucible, and the space between the two was filled with magnesia sand. After completion of the working tube assembly, the metal was melted in a purified 67 vol% hydrogen-argon gas mixture atmosphere for 2-3 h in order to reduce the oxygen dissolved in the melt. The atmosphere was then changed to purified argon maintained at about 100 mL/min. After the melt was kept at the desired experimental temperature, nickel-magnesium alloy was added from the top of the working tube. Nickel-magnesium alloy was pre-produced by melting highly purified magnesium of 99.99 mass% into molten nickel with an induction furnace. After the sample was held for required time, the furnace power was switched off and the sample was quenched by flushing He gas. It was found that magnesium content gradually decreases with holding time. However, the product of magnesium and oxygen content didn't change after holding time of 20 min in the preliminary experiments. Hence, 30 min was chosen as experimental holding time.
The samples were cut, polished by SiC abrasive paper and then electrolytically-polished for 3 min under the condition of 5 V-0.5 A. Mixed acid that contains 80 mass% acetic acid and 20 mass% perchloric acid was used for electrolyte. The samples were ultrasonic cleaned in acetone and immediately subjected to oxygen analysis by inert gas fusion infrared absorptionmetry to avoid effect of oxygen adsorped on sample surface. Iron and magnesium contents were analyzed by an induction coupled plasma emission spectrometry.
Results and Discussion
Experimental results are shown in Table 1 and plotted in Figs. 1 to 5 with literature values. [10] [11] [12] Curves in the figures were obtained from the numerical analysis shown later. Oxygen content determined in the present work was relatively lower than the previously reported values. The main reason might be due to polishing method of sample and the effect of oxygen adsorped on the samples.
Quadratic formalism and Redlich-Kister type polynomial were used in the present numerical analysis and were explained in the previous papers. [17] [18] [19] [20] [21] Pure substance is chosen as a standard state (Raoultian standard state) for condensed phases in the present work. Dissolved oxygen in the melt equilibrating with 101 325 Pa (1 atm) oxygen gas has been selected as a standard state for oxygen. The relation between the oxygen activity and oxygen partial pressure in this standard state can be expressed as following The oxygen activity or equilibrium oxygen partial pressure is independent of the kind of metal solvent and can be expressed by utilizing this standard state. Magnesium deoxidation reaction can be expressed by Eq. (2). Where, the activity of MgO is taken as unity, since deoxidation product is pure MgO. The excess Gibbs free energy change for Fe-Ni-Mg-O quaternary system can be expressed as Eq. (6). The following relation can be obtained by substituting Eqs. (7) and (8) into Eq. (5). analysis of Mg deoxidation of molten Fe-Ni alloy. Values evaluated previously, [17] [18] [19] 24) Relation between quadratic formalism and Redlich-Kister polynomial at infinite dilution was utilized. 18) The Gibbs free energy of MgO formation has been taken from NIST-JANAF Thermochemical Tables. 25) The parameters utilized in the present work are shown below. Magnesium deoxidation equilibria of molten Fe determined from the present work are shown with literature values [1] [2] [3] [4] [5] [6] in Fig. 6 . Curves in the figures were obtained from the present work. The present results agree with Inoue and Suito 3) at low magnesium content. However, the equilib-rium oxygen content determined in the present work was lower than most of the reported values.
Magnesium deoxidation equilibria of molten Fe-Ni alloy at 1 873 K, 1 923 K and 1 973 K are shown in Figs. 7 to 9 with the experimental results by the authors. The curved surface in the figures were obtained from the numerical analysis. The present results agree well with the experimental results and are confirmed that quadratic formalism and Redlich-Kister type polynomial could be utilized to express Mg deoxidation equilibrium in the whole region of the Fe-Ni alloy. It was confirmed from the present numerical analysis that the Mg deoxidation equilibrium of molten Fe-Ni alloys could be quantitatively expressed with high accuracy.
Conclusion
Magnesium deoxidation equilibrium of molten Fe-Ni alloy was determined by chemical equilibrium method at temperature of 1 873 to 1 973 K by taking extreme care for oxygen analysis. The equilibrium oxygen contents were relatively lower than the literature values. This might be due to the polishing method and effect of removing adsorped oxygen on the sample surface. Deoxidation equilibrium was quantitatively expressed by binary interaction parameters determined on basis of the quadratic formalism and Redlich-Kister type polynomial.
